Introduction
============

Beaches are recreational sites where numerous leisure activities can be carried out, including sunbathing and various sports and games. Therefore, beaches are economically important, and the care and maintenance of the coastal environment is important in many countries ([@ref-10]).

Unfortunately, there have been several negative reports regarding the condition of beaches and the incidence of diseases acquired by visitors. For example, Heaney and colleagues reported that visitors to both freshwater and marine beaches in different parts of the USA in 2003--2005 had an increased chance of contracting diarrhea, vomiting, and nausea. *Staphylococcus saprophyticus* is a causative agent of skin and urinary tract infections in young women, and this bacterium was reported to be present at a Brazilian beach ([@ref-7]). There have been several other reports of similar issues, including reports by the Environmental Protection Agency and the Centers for Disease Control and Prevention ([@ref-34]) and a recent paper ([@ref-11]).

The skin is the largest organ in the body and provides a primary barrier against various infectious agents. Because the skin is constantly in direct contact with the external environment, it harbors multiple types of microbes. Some of those microbes are potentially pathogenic and could lead to serious infections under certain conditions ([@ref-33]). The most common pathogenic bacteria in the seaside environment belong to the genera *Staphylococcus* and *Streptococcus* ([@ref-17]). Similarly, the most common bacteria that colonize the skin are usually gram-positive species, including *Staphylococcus epidermidis*, *Corynebacterium* species, *Staphylococcus aureus*, and *Streptococcus pyogenes* ([@ref-41]; [@ref-4]). Human skin is one of the most significant targets for the pathogenic bacteria present at beaches. In this regard, it has been reported that about 24% of the UK civilian population experiences a pathological skin condition each year. In 2009--2010, about 900,000 patients were referred to dermatologists in England ([@ref-40]).

A healthy and functioning skin barrier provides protection against dehydration, the penetration of various microorganisms, allergens, chemical irritants, reactive oxygen species, and radiation. Human keratinocytes are the key cells in the skin barrier that provide the skin's protective function ([@ref-29]). The skin has several physical defense mechanisms that allow it to protect the body against pathogenic microbial infections, including a low pH and the secretion of sebaceous fluid and fatty acids, which act together to inhibit pathogen growth. In addition, the skin possesses its own normal protective flora ([@ref-21]).

Certain less common bacterial skin infections, such as those by *Vibrio vulnificus*, are acquired in hospitals or nursing homes, and after swimming in a pond, lake, or ocean. *Vibrio vulnificus* is a pathogenic gram-negative bacterium that is motile, curved, and rod-shaped ([@ref-14]). *V. vulnificus* infections have been reported in swimmers with open wounds, and they can cause ulceration of the skin ([@ref-13]). The increase in the frequency of beach-visits by people has led to an increased incidence of bacterial infections. Therefore, this topic needs to be explored to improve the safety of humans visiting beaches.

*Pseudomonas stutzeri* is a gram-negative, aerobic, non-fermenting, and oxidase-positive bacterium. *P. stutzeri* is most commonly isolated patient samples in hospitals (e.g., from surgical wounds, blood, the respiratory tract, and urine) ([@ref-12]; [@ref-39]). The prevalence of *P. stutzeri* in settings other than hospitals has not been explored. This study aimed to confirm the presence of *P. stutzeri* in beach sand and then examine the effects of a *P. stutzeri* extract on the cell adhesion and cell viability of a human skin keratinocyte to understand whether *P. stutzeri* presents a potential pathological threat to beach-goers.

Methods
=======

Sample collection and isolation of bacterial strains
----------------------------------------------------

Sand samples were collected from the beaches in Busan, Republic of Korea. The contaminating plant debris were removed. Each sample (10 g) was transferred to an autoclaved flask that contained sterile Amies solution ([@ref-2]). The resulting suspension was serially diluted (10^−4^) and 0.1 mL of the diluted suspension was plated onto Luria--Bertani (LB) agar medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl, pH 7.0 ± 0.2, autoclaved for 15 min at 121 °C) and incubated at 28 °C for 48 h ([@ref-16]). The plates were inspected daily. Colonies were distinguished based on their morphology and subsequently streaked onto fresh plates.

Identification and phylogenetic analysis
----------------------------------------

The taxonomic identification of the selected bacterial isolate, Fazli Subhan Raheem Shahzad (FSRS), was performed based on sequencing its 16S rRNA gene using the 27f and 1492r primers and BLASTing the FSRS 16S rRNA sequence against the NCBI GenBank database, as described by [@ref-31]. Closely related sequences with the highest homology (i.e., the lowest *E* values) were selected and aligned by ClustalW using the MEGA version 7.0 software.

Preparation of a crude bacterial extract
----------------------------------------

An ethyl acetate extract of the FSRS bacterial isolate was prepared by culturing FSRS in LB broth for seven days at 28 °C and 120 rpm in a shaking incubator. After seven days, the culture broth was centrifuged at 10,000× g, and cell-free LB broth was adjusted to pH 2.5 and then completely extracted with an equal volume of ethyl acetate three times. The extracted ethyl acetate was then completely dried using a rotary evaporator to obtain a crude solid bacterial ethyl acetate extract, which was then re-dissolved in sterilized RNase-free water and used for further study.

Preparation of a working solution of the crude bacterial extract
----------------------------------------------------------------

A 5 mg/mL stock solution of the crude extract was prepared using distilled water as the solvent. The solution was filter-sterilized and a working solution of 1 mg/mL was prepared for the final treatments at doses of 100, 300, and 500 ng/mL.

Cell culture
------------

HaCaT keratinocytes were purchased from the Cell Line Service of the German Cancer Research Center (Heidelberg, Germany) and maintained in Dulbecco's modified Eagle medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Life Technologies), 100 U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies) at 37 °C in a humidified atmosphere containing 5% CO~2~.

HaCaT cell adhesion
-------------------

HaCaT cells were seeded into six-well plates at a density of 2 × 10^5^ cells/well in 3 mL of medium. The cells were treated with varying concentrations (0, 100, 300, and 500 ng/mL) of crude bacterial extract for 24 and 48 h in serum-free medium. Morphological changes of the HaCaT cells were observed and images were captured under an inverted light microscope (Nikon Corporation, Tokyo, Japan) after 24 and 48 h. The same area of cells was noted and captured at each time point. The images were captured at 200 × magnification and the scale bar represents 50 µm.

HaCaT cell viability
--------------------

HaCaT cells were plated in flat-bottomed, 96-well, microtiter plates at 1 × 10^4^ cells/well and cultured for 24 h. After starvation in serum-free media for 24 h, the cells were treated with the crude bacterial extract for a further 24 or 48 h. Cell proliferation was determined after treatment using a colorimetric water-soluble tetrazolium salt-1 (WST-1) cell proliferation assay (EZ-Cytox assay kit; Daeil Lab Service, Seoul, Korea). Metabolically active cells generate a colored dye through the action of a cellular dehydrogenase on WST-1, which can be measured using a microplate reader (Tecan, Männedorf, Switzerland) at 450 nm according to the manufacturer's instructions. The IC50 value were calculated as presented here is given as percent inhibition by the drug. The IC50 were calculated using Curve-Fit Model through Table curve Software and the following formula was used.

The value were subtracted from 100 as total cells-viable cells = percent inhibited cells.

Statistical analysis
--------------------

The data are expressed as mean ± standard deviation. The results were statistically analyzed by a two-tailed Student's *t*-test. Statistically, differences were considered to be significant at *p* \< 0.05.

![The geographical location of a beach in Busan, Republic of Korea, which attracts numerous visitors, from where sand samples were collected.](peerj-06-4245-g001){#fig-1}

Results
=======

Isolation and identification
----------------------------

To gain insight into the genome sequence diversity of *P. stutzeri* populations, various isolates of *P. stutzeri* were selected from beach sands in South Korea (Busan) and several other geographical locations ([Fig. 1](#fig-1){ref-type="fig"}). Among the isolated strains, the FSRS strain was selected. The 16S rRNA sequence of FSRS was compared to other 16S rRNA sequences in the NCBI database (<http://www.ncbi.nlm.nih.gov/>) using a BLAST search to identify its closest neighbors. The results showed that FSRS was closely related to members of the genus *Pseudomonas* and shared the highest sequence identity (100%) with *P. stutzeri* ([KF894696](http://www.ncbi.nlm.nih.gov/nuccore/KF894696)).

A phylogenetic or evolutionary tree is a branching diagram that represents the inferred evolutionary relationships among various biological species based upon similarities and differences in their physical or genetic characteristics. A phylogenetic analysis based on 16S rRNA sequences showed that FSRS is closely related to other *P. stutzeri* strains, as shown in [Fig. 2](#fig-2){ref-type="fig"}. A phylogenetic tree was constructed by the neighbor-joining method using CLUSTAL-X 1.8 software ([@ref-30]). Based on this analysis, FSRS was formally identified as *P. stutzeri*, and its 16S rRNA gene sequence was deposited in the NCBI GenBank database under accession number [MF599548](http://www.ncbi.nlm.nih.gov/nuccore/MF599548).

![Neighbor-joining phylogenetic tree derived from aligning the most similar 16S rRNA sequences in related taxa for a phylogenetic analysis of the bacterial isolate (FSRS) by MEGA 7.\
The scale bar indicates 0.02 substitutions per nucleotide position. Bootstrap values (%) based on 1,000 replications are given at each branch point.](peerj-06-4245-g002){#fig-2}

HaCaT cell adhesion
-------------------

The effect of FSRS on the adhesion of human skin keratinocytes was determined using HaCaT cells. HaCaT cells were seeded in a six-well plate, treated with different amounts of crude FSRS extract for 24 or 48 h, and then examined by phase contrast microscopy. The results showed that the crude FSRS extract inhibited HaCaT cell adhesion in both a dose- and time-dependent manner, as shown in [Fig. 3](#fig-3){ref-type="fig"}.

![Human skin keratinocyte number and adhesion as assessed by phase contrast microscopy after 24 hr (A) and 48 hr treatment (B).\
The number of HaCaT cells was reduced and their cell morphology was changed by the FSRS extract in both a dose- and time-dependent manner, as compared to control cells.](peerj-06-4245-g003){#fig-3}

HaCaT cell viability
--------------------

We determined the effect of the FSRS extract on HaCaT cell viability using a WST-1 assay ([@ref-37]). HaCaT cells were cultured in a 96-well plate and then starved for 24 h before treatment with the FSRS crude extract. As shown in [Fig. 4](#fig-4){ref-type="fig"}, the crude FSRS extract significantly decreased the viability of HaCaT cells in both a dose- and time-dependent manner. The IC50 value were calculated, which are 198.58 ng/mL for 24 hr treatment and 97.61 ng/mL for 48 hr treatment.

![HaCaT cell viability as assessed using a WST-1 assay.\
HaCaT cell viability was significantly inhibited by the FSRS crude extract in both a dose- and time-dependent manner, as compared to control cells (*n* = 3, *p* \< 0.05). The IC50 value were calculated, which are 198.58 ng/mL for 24 hr (A) treatment and 97.61 ng/mL for 48 hr (B) treatment.](peerj-06-4245-g004){#fig-4}

Discussion
==========

*P. stutzeri* was first named by [@ref-5], and later by [@ref-42], while it was phenotypically described by [@ref-18]. *P. stutzeri* has previously been identified in contaminated and non-contaminated soils, marsh sediment, and marine water ([@ref-32]; [@ref-19]). *P. stutzeri* is generally considered to be a contaminant that can also be pathogenic to humans if their immunity is compromised. To our knowledge, this is the first study to reveal the existence of pathogenic *P. stutzeri* in the sand from a beach in Busan, South Korea, and furthermore demonstrate the pathological effects of an extract of *P. stutzeri* on human skin.

We cultured beach-sand isolates and used the restriction fragment length polymorphism method to identify their 16S rRNA genes. This method has previously been described as being useful for the characterization of bacterial isolates ([@ref-1]). Through that analysis, the isolate was confirmed to belong to the genus *Pseudomonas* and the species *P. stutzeri* ([@ref-3]; [@ref-44]). The 16S rRNA sequence was subsequently submitted to NCBI ([KF894696](http://www.ncbi.nlm.nih.gov/nuccore/KF894696)). Several different strains of *P. stutzeri* have been isolated from different sources, including patient samples in hospitals (wound pus, blood, urine, tracheal aspirates, and sputum), and they are often considered to be pathogenic ([@ref-35]; [@ref-8]; [@ref-20]). Consistent with this, several other species of the genus *Pseudomonas* are also considered to be pathogenic, although some of them have applications in bioremediation ([@ref-26]; [@ref-6]; [@ref-22]).

Having a sufficient understanding of the human pathological microbiome is necessary for the development of successful therapeutic approaches for their cure. Hence, it is important to identify and analyze their possible pathological effects on different parts of the human body, such as skin. In the present study, we demonstrated the presence of *P. stutzeri*, a potential human pathogen, in sand obtained from a beach in Busan, South Korea.

A previous study has reported the pathogenic effects of *P. stutzeri* on skin ([@ref-25]); hence, we focused on examining the effects of *P. stutzeri* extracts on skin in the present study. We decided to examine the effect of an extract of *P. stutzeri* on skin keratinocytes because they serve as the first line of defense against foreign invaders in humans. The HaCaT cell line was chosen for this study because HaCaT cells have been widely used as a keratinocyte model cell line in numerous dermatopathological studies.

Skin continually interacts with the external environment. As a result, it is exposed to and colonized by both pathogenic and non-pathogenic bacterial strains. Most of the skin surface-colonizing bacteria are gram-positive species including *Staphylococcus aureus* and *Streptococcus pyogenes* ([@ref-15]). The normal flora in the skin provides protection against various pathogenic microflora, but the exact mechanism of interaction between the pathogenic and normal microflora in the skin is not well understood ([@ref-9]). It is thought that the normal skin flora secretes a variety of antimicrobial substances that protect human skin from pathogenic bacterial infections ([@ref-43]; [@ref-27]).

![Schematic representation of beach sand sample collection from the collection site, and the processing, identification, and effect of the FSRS crude extract on the adhesion and viability of HaCaT cells *in vitro*.](peerj-06-4245-g005){#fig-5}

In addition to hosting the normal human skin flora, human skin serves as the first line of defense against pathogenic microbial infection by providing a physical barrier, a low pH, sebaceous fluid, and fatty acids, which together serve to inhibit the growth of pathogens ([@ref-24]). Unfortunately, several pathogenic microorganisms can bypass these defensive mechanisms and penetrate the integument, leading to tissue damage and the induction of an inflammatory response ([@ref-28]). Cellulitis is a common bacterial infection of the skin that is caused by *Staphylococcus* or *Streptococcus* spp. that are commonly present on the skin ([@ref-38]; [@ref-36]). Similarly, *Pseudomonas* spp. can also cause an infection when there is a break in the skin ([@ref-23]). Currently, it is not understood how bacteria found in beach sand can cause skin infections such as cellulitis. Through this study, we make a new proposal that FSRS in beach sand may cause skin infections by inhibiting keratinocyte adhesion and reducing keratinocyte viability, although further detailed studies are required to fully understand the mechanism of action.

Conclusions
===========

In conclusion, the present work demonstrated that bacterial isolates from beach sand collected from Busan in South Korea contain FSRS, and their identification was based on 16S rRNA sequencing data. An extract prepared from beach sand FSRS significantly inhibited the growth of a human skin keratinocyte cell line by inhibiting cell adhesion and decreasing cell viability ([Fig. 5](#fig-5){ref-type="fig"}). The extract from FSRS is one of the most potent microbial extracts tested against a human skin keratinocyte cell line. Therefore, this study could be useful for understanding the pathology of skin infections acquired at the beach.
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